Some isolates of the plant pathogen Nectria haematococca detoxify the isoflavonoid phytoalexin (-)maackiain by hydroxylation at carbon 6a. Precursor feeding studies strongly suggest that the penultimate step in (+)pisatin biosynthesis by Pisum sativum is 6a-hydroxylation of (+)maackiain. We have used "O labeling to test the involvement of oxygenases in these two reactions. When fungal metabolism of maackiain took place under '"02, the product was labeled with 99% efficiency; no label was incorporated by metabolism in H210. Pisatin synthesized by pea pods in the presence of 1802 or H2180 was a mixture of molecules containing up to three labeled oxygen atoms. Primary mass spectra of such mixtures were complex but were greatly simplified by tandem MS. This analysis indicated that the 6a oxygen of pisatin was derived from H20 and not from 02. Labeling patterns for the other five oxygen atoms were consistent with the proposed pathway for biosynthesis of pisatin and related isoflavonoids. We conclude that the fungal hydroxylation of maackiain is catalyzed by an oxygenase, but the biosynthetic route to the 6a hydroxyl of pisatin is unknown.
Several pterocarpan phytoalexins are known to be detoxified by Nectria haematococca or by related fungi with the same imperfect state, Fusarium solani. Pisatin is demethylated by a Cyt P-450 monooxygenase (16) . Phaseollin is hydroxylated to la-hydroxyphaseollone by a reaction which also appears to be oxygenase-mediated, since 180 labeling has shown that the new oxygen atom is derived from 02 (15) . Maackiain and medicarpin are metabolized by one or more of three different initial reactions, depending on the fungal isolate; all three involve the net addition of one oxygen atom (I1, 12). One of these reactions produces the la-hydroxydienone analogous to the phaseollin metabolite. Another, the hydroxylation at carbon 6a, also involves incorporation of an atom from 02, as reported below.
Oxygenases are also thought to be responsible for several reactions in the biosynthesis of these phytoalexins. In particular, the 6a-hydroxylation of maackiain has been proposed to be a step in pisatin biosynthesis by Pisum sativum ( Fig. 1) (2) (3) (4) . This reaction is not identical with the fungal conversion, since the fungus metabolized only (-)maackiain (23) whereas the expected precursor of (+)pisatin, the isomer normally produced by pea, would be the enantiomer (+)maackiain. larity between these two reactions, which appear to play such opposed roles in the interaction between host and parasite, prompted us to examine both of them in this study.
MATERIALS AND METHODS Biological Materials. Nectria haematococca Berk. and Br. mating population VI isolate T-95, from our culture collection (22, 23) , was maintained on V-8 juice agar and grown in glucoseasparagine (GA) liquid medium as described (25) . Pisum sativum L. cultivar Alaska was grown in a greenhouse.
6a-Hydroxylation of Maackiain. A 3-d culture of N. haematococca in GA medium was filtered, weighed, and suspended in double strength GA medium at 60 mg mycelium ml-'. Two ml of this suspension was placed in a 25-ml flask and diluted with 2 ml H2180 (98 atom %) or unlabeled H20. For 1802 labeling, the flask was capped with a serum stopper and flushed with several volumes of N2 followed by 100 ml 1802 (99 atom %). Maackiain (0.1 mg in 40 gl ethanol) was added to each flask. After 4 h incubation at 27°C with shaking, another 0.2 mg maackiain was added and incubation continued for an additional 6 h. 6a-Hydroxymaackiain was extracted with CHCl3 and purified by TLC (12, 24 The second experiment was performed under conditions similar to those used in the labeling studies of Banks and Dewick (1, 2, 4). Pisatin synthesis was induced with 5 mM CuC12 in H2O80 or unlabeled H20, and the incubation time was 48 h. In this experiment, exposure to 1802 was begun directly after addition ofthe inducer, without preincubation under air. Yields of pisatin were reduced to about 70 ,g g-'. Separate experiments indicated that the lower yield was primarily due to the shorter incubation period, rather than the use of CuCl2 as the inducer.
The isotopic enrichment ofthe H2180 supplied in these experiments was calculated from the enrichment of the inducer solution and the water content of the pod tissue, which was found to be 85 ± 1% of the fresh weight.
Mass Spectrometry. (1), with E = the observed overall enrichment per labelable atom and N = 3 for either precursor.
Parentheses indicate the prediction if 4 atoms were derived from 02 and 2 atoms from H20. uents of ring D and the 6a hydroxyl (Fig. 4) .3 The other two tion indicated that 02 and H20 each gave rise to three of the atoms are derived from acetate and might therefore be labeled oxygen atoms of pisatin. For example, the overall incorporation by H2180. However, the observed efficiencies of '80 incorpora-from H21'80 in experiment 1 was 57.6 labeled oxygen atoms per 100 molecules. Since the isotope enrichment in the precursor was only 18.2%, an incorporation efficiency much greater than Thecarbonyl oxygen of sophorol is thought to be the one which is 100% would be required unless at least three positions are displaced during the reductive cyclization to maackiain (2, 9).
available for labeling by this precursor (Table I) . The conclusion that only three atoms are derived from 1802 is strongly supported by the low abundance of molecules with mass 322, even when this precursor was present throughout the period of pisatin synthesis (3%, Table I ). A higher proportion, relative to the triply labeled molecules, would be expected if four positions could be labeled at approximately equal efficiency. The predicted distribution of molecules containing n labeled atoms is given by the binomial distribution P(n) = N!( )! _E(1 -E)Nn (1) where N is the number of labelable atoms and E is the overall enrichment of the label (6). The observed distribution was in excellent agreement with the prediction based on three labelable atoms (Table I) . If natural abundance 180 at the other three atoms and natural abundance 13C are also considered, the m/z 322 ion is mainly accounted for (predicted 2.3%).
Similar calculations for the H2180-labeled samples likewise showed good agreement between the observed distribution and the prediction based on three labelable atoms (Table I) , though the difference between this prediction and that based on two H20-derived atoms was smaller because of the lower isotopic enrichment of the precursor.
Source of the 6a Oxygen of Pisatin. Since these results did not confirm the expectation that four atoms would be labeled by 1802 and two by H2180, it was necessary to determine which three atoms were in fact derived from each precursor. The labeling ofthe -H20 and -CO fragments should provide specific information about the 6a oxygen, based on the findings for [6a-
'80]6a-hydroxymaackiain described above. Unfortunately, these fragments were not well isolated from other fragments in the MS (Fig. 3) . The multiply labeled cluster corresponding to -H20,H (m/z 295 for unlabeled pisatin) overlapped that due to -CH3 (m/z 299), and the -CO,H (m/z 285) fragments overlapped the -CH3,H20 (m/z 281) cluster. The intense signal at m/z 302 in the spectrum of '802-labeled pisatin could only be accounted for ifthe oxygen lost during -H20 fragmentation ofthe triply labeled molecular ion (m/z 320) was unlabeled, indicating that 02 had not been incorporated at the 6a position. The MS of H2180-labeled pisatin was consistent with incorporation of label at 6a, but did not provide strong evidence because of the relatively low '80 enrichment achieved with this precursor; only singly labeled molecules were obtained in high abundance, and only one-third of these would be expected to be labeled at 6a.
To obtain more direct evidence on this point, the labeled pisatin samples were examined with a tandem mass spectrometer. This instrument accelerates selected ions from a primary mass spectrum into a cloud of argon gas, causing collisionally activated dissociation to secondary fragments which are then analyzed by a second spectrometer ( 17) . Secondary spectra were obtained for all the molecular ions that were present in sufficient abundance. Results for the unlabeled (m/z 314) and doubly labeled (m/z 318) molecular ions from experiment 1 are shown in Figure 5 .
Unlabeled molecular ions gave rise to the same daughter fragments regardless of which '80-labeled precursor had been used, as expected. Molecular ions which had incorporated label from 1802 retained essentially all of the label in the -H20 and -CO fragments, confirming that the 6a oxygen was not labeled by this precursor. When H2180 had been incorporated, a proportion of these fragmentations resulted in loss of label, the proportion depending on the number of labeled atoms in the molecular ion. For example, for the m/z 318 ion (labeled at two of the three H2180-labelable positions) approximately two-thirds of the daughter -H20 fragments had an m/z of 298 corresponding to loss of labeled oxygen (Fig. 5) .
The -H20 peaks were less intense in the secondary (CAD) spectra than in the primary (El) spectra, and quantitation was further complicated by the variable loss of an additional H atom (Fig. 5) . But if the labeling of the 6a oxygen was calculated from the proportion of -H20 and -H20,H fragments (pooled) which had lost labeled oxygen, consistent results were obtained for all of the secondary spectra from the two experiments (Fig. 6 ). (Fig. 3) . That is, the former fragment contains all of the 02-derived atoms and the latter contains none of them. Tandem MS (e.g. Fig. 5 ) confirmed this conclusion. In the secondary spectrum of the triply labeled molecular ion obtained with 1802 (not shown), the m/z 163 fragment was 98% triply labeled and the m/z 177 fragment was 98% unlabeled.
It could also be deduced that the m/z 177 fragment contains three oxygen atoms derived from H20, even though H2`80 did not yield enough triply labeled molecules to obtain a secondary spectrum. If this fragment contained only two oxygen atoms labelable by H2180, one-third of the singly labeled pisatin molecules would have been labeled elsewhere and therefore would have contained no label in the fragment; and two-thirds of the doubly labeled molecules would have only one labeled atom in the fragment. In fact, no signal was observed at m/z 177 in the daughters of 316 (not shown), or at m/z 179 in the daughters of 318 (Fig. 5) . 4 To account for this labeling pattern we propose that the two fragments have the structures shown in Figure 7 . This proposal is consistent with conclusions from previous work on flavonoid biosynthesis, that the oxygen substituents of the A ring are derived from acetate and those of the D ring from 02. It is also consistent with the results for 6a-hydroxymaackiain (Fig. 2) , though these results provide little additional evidence since in this case both fragments should have m/z 163. The m/z 177 ion was indeed missing from the MS of 6a-hydroxymaackiain. How- ever, the prediction that the ion intensity at m/z 163 is due to two different fragments, one of which contains the 6a oxygen, is supported only indirectly: the MS of the 6a-180 compound showed a new peak at m/z 167 without loss of intensity at m/z 165. DISCUSSION Molecular oxygen was incorporated at the 6a position during the hydroxylation of maackiain by Nectria haematococca but not during the biosynthesis ofpisatin by pea. It may be concluded that the 6a hydroxyl of pisatin is not introduced by the action of a typical oxygenase. This conclusion contrasts not only with the results for fungal hydroxylation of maackiain, but also with recent studies on the biosynthesis of 6a-hydroxypterocarpan phytoalexins in soybean. Glycinol (3,6a,9-trihydroxypterocarpan) and the glyceollin isomers are thought to be synthesized via 6a-hydroxylation of (-)3,9-dihydroxypterocarpan, based on evidence from incorporation of specific precursors (5) similar to the evidence supporting the pisatin pathway of Figure 1 . In addition, however, an enzyme catalyzing this reaction has been obtained from elicitor-treated soybean, and it appears to be a monooxygenase since it was found to be dependent on NADPH and 02 (14) .
Some potential artifacts in our pisatin labeling experiments should be considered. First, the 6a oxygen might originally derive from 02, but subsequently exchange with the solvent. Such an exchange reaction seems unlikely, since none was observed for 6a-hydroxymaackiain. Second, the interpretation of the mass spectra would be complicated if there were a significant oxygen isotope effect on the fragmentation of the compounds. Theoretically this isotope effect is expected to be too small to detect, and in fact no evidence for it was found. There were differences between samples in the intensities of some fragments (e.g. Fig.  2 ), but these did not correlate with extent of oxygen labeling; they are attributed to thermal reactions catalyzed by trace contaminants in the samples or the spectrometer. Third, the labeling pattern of pisatin might have been influenced by microbial metabolism. Although a few microorganisms were probably present during incubation ofthe pea pods, despite the use ofstandard aseptic procedures and the antimicrobial activity of pisatin and CuC12, the possibility that pisatin was being partially degraded and resynthesized by a different pathway seems an unlikely hypothesis to account for the observed results. On the whole, the simplest interpretation is that pisatin biosynthesis does not involve 6a-hydroxylation by an oxygenase.
Ifthis interpretation is accepted, it must be questioned whether pisatin is synthesized via maackiain as proposed (Fig. 1) , since this would require direct insertion of oxygen derived from, or exchangeable with, H20. A possible precedent for such a reaction is the observation that Cyt P-450 can utilize peroxides as oxygen donors in vitro (20) . The pathway shown in Figure 1 was originally proposed on the basis of excellent experimental evidence. Radioactive maackiain fed to CuC12-treated pea pods was efficiently incorporated into pisatin (2, 3) . Furthermore, [6,1 la-2H2] maackiain was incorporated without loss of 2H, indicating that the pathway between maackiain and pisatin does not involve intermediates unsaturated at either of these positions (4 (Fig. 1) .
These hypotheses invite further experiments at the enzyme level to elucidate the mechanism ofoxygen insertion into maackiain, if this reaction is involved in pisatin biosynthesis, or to determine the actual pathway if it is not.
As a technique for the study of biosynthetic pathways, the use of such nonspecific precursors as 02 and H20 has obvious limitations. However, one significant advantage became evident in the course of this research, namely the very efficient incorporation of these precursors. Efficiencies greater than 90% were routinely observed, presumably due to the uniform equilibration of the added label with all internal pools. Although the pool of H20 in pod tissue was of course quite large, it was easily quantitated and corrected for. When this calculation was done, the 180 enrichment of the product pisatin was found to be approximately equal to that of the H20 (Table I) .Therefore, by the time pisatin synthesis had begun, the added label had equilibrated not only with endogenous H20 but also with any significant pools of intermediates such as acetate.
Molecular oxygen, which has a small endogenous pool, was incorporated with nearly negligible dilution when the labeled precursor was present throughout the incubation period (experiment 2). Because of this low dilution, the results of experiment 1 (Fig. 3) provided some valuable information about the kinetics ofpisatin biosynthesis. In this experiment the induction ofpisatin biosynthesis was allowed to proceed for 24 h before addition of 1802. As a result, nearly 25% of the pisatin isolated 4 d later was unlabeled; that is, for these molecules all ofthe 02-derived atoms had been incorporated already at 24 h. Substantial quantities of pisatin which had already incorporated two atoms (m/z 316) or one atom (m/z 318) of oxygen at 24 h were also found. The presence of such high proportions of partially oxygenated intermediates suggests that subsequent reactions in the biosynthetic sequence must be relatively slow steps. This preliminary obserPlant Physiol. Vol. 83, 1987 vation demonstrates the utility of pulse labeling with 1802 as a means of measuring the flux of intermediates through some potentially rate-limiting steps of pisatin biosynthesis.
